Penicillium chrysogenum produced glutathione after growth in a defined medium containing 10mM-NH4C1 as the sole source of nitrogen. The use of higher ammonium concentrations (100 mM) resulted in stimulation of growth and glutathione formation. In addition, increases in the intracellular pools of glutamate, alanine and glutamine, proportional to the amount of ammonium present in the medium were observed. Resting cell systems, prepared from cells previously grown with ammonium, were able to produce glutathione when incubated with ammonium or the amino acids glutamate, alanine and glutamine. A mutant lacking NADPdependent glutamate dehydrogenase activity (which has a leaky phenotype on ammonium as sole nitrogen source) required glutamate to synthesize glutathione. Resting cell systems of this mutant, prepared from cells previously grown with ammonium, did not produce glutathione even when incubated with glutamate or glutamine. On the other hand, resting cell systems of this mutant produced glutathione if prepared from cells previously grown with glutamate. The addition of glutamate to resting cell systems of the wild-type strain stimulated the synthesis of yglutamylcysteine synthetase, the first enzyme of glutathione biosynthesis.
is probably the most abundant natural, low molecular mass thiol found in biological systems and is of growing industrial interest. Several physiological roles have been assigned to this ubiquitous tripeptide such as cell protection against peroxides and free radicals, transport of certain amino acids, and as a coenzyme for several enzymes including glyoxylase and formaldehyde dehydrogenase (Meister & Anderson, 1983) . Physiological and biochemical studies in mammalian tissues and micro-organisms have shown that glutathione is capable of regulating its own formation by acting on yglutamylcysteine synthetase, the first enzyme of tripeptide formation (Richman & Meister, 1975; Kumagai et al., 1982) .
In this paper, we have studied the ability of Penicillium chrysogenum to produce glutathione in a chemically defined medium and measured the effect of different ammonium concentrations. 
METHODS

Organism
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Collection, Instituto de Investigaciones Biomedicas, Mexico). This mutant, designated gdhAZ, belongs to a series of mutants (five) subject to current analysis, isolated on the basis of sensitivity to high concentrations (100 mM) ammonium. Phenotypically, they are leaky on low (10 mM) concentrations of ammonium (Kinghorn & Pateman, 1973) .
All fermentations were done in a defined medium (DM) as previously reported (Lara et al., 1982) . At desired times, the glutathione concentration was enzymically determined according to Orfanos et al.
(1 980). Ammonium concentration was measured by the phenol-hypochlorite reaction as described by Weatherburn (1 967).
Resting cell systems. To measure de nouo synthesis of glutathione, cultures were grown to early stationary phase, washed with 2 vols sterile distilled water and resuspended in 50 ml of antibiotic formation medium (AFM), in a 125 ml Erlenmeyer flask as previously reported (Lara et al., 1982) . This procedure allowed the determination of glutathione under well-controlled conditions as well as investigation of some of the biochemical parameters involved in its biosynthesis.
y-Ghtamylcysreine synthetase actiuity (EC 6 . 3 .
. ) (y-GCS).
Cell-free extracts were prepared and activity was measured as previously reported for G(L-a-aminoadipy1)-L-cysteine synthetase, except that the reaction system contained glutamate (10 mM) instead of a-aminoadipate (Lara et al., 1982) . Specific activity was expressed as pkat (g protein)-'.
Determination of amino acid pools. Amino acids were extracted from the cells, separated in an Aminco amino wid analyzer and quantified in an Aminco radio fluorometer after coupling with 0-phthaldialdehyde as reported by Espin et al. (1979) .
Protein determination. Samples of mycelia were harvested, washed with 2 vols disiilled water and placed in 2 ml 0.3 M-trichloroacetic acid. After centrifugation the precipitate was resuspended in 1 ml0-4 M-NaOH and protein was determined by the Lowry method using serum albumin as standard.
Reproducibility of results. The experiments reported were repeated at least once (two independent experiments) in duplicate and the results are mean values. The observed variations were consistently less than 10%.
R E S U L T S
Fermentative production of glutathione. P . chrysogenum synthesized glutathione when grown in DM containing 10 m~-N H , c l as the sole source of nitrogen. From Fig. 1 , it can be seen that there was a sharp increase in growth and tripeptide concentration after inoculation, with maximum glutathione production at 24 h, when growth had ceased.
Efect of ammonium concentration on glutathione production. When ammonium concentrations higher than 10 mM (in the form of NH,Cl) were used, the specific production of glutathione increased in proportion to the amount of ammonium present in the culture medium (Fig. 2) . The use of high concentrations of other ammonium salts (100 mM) also stimulated glutathione formation to a similar extent to that obtained with NH,Cl (not shown). Fig. 2 also shows that all ammonium was utilized when cultures were grown at concentrations below 50 m~-N H , c l .
EfSect of ammonium concentration on amino acidpools. To establish the biochemical basis of the action of ammonium, changes in amino acid pools from cultures previously grown in low (10 mM) and high (100 mM) NH4C1 concentrations were investigated. It was observed that only the glutamate, alanine and glutamine pools showed significant differences (Fig. 3) : the pools of these amino acids were 2 to 3.5 times greater in cells grown in high ammonium concentrations.
Glutathione formation by resting cell systems incubated with glutamate, alanine and glutamine. In order to investigate the correlation between the ammonium-stimulated accumulation of glutamate, alanine and glutamine and the synthesis of glutathione, the effect of these amino acids on glutathione anabolism was determined using resting cell systems. Fig. 4 shows that these three amino acids stimulated tripeptide formation more than twofold, the greatest effect being exerted by alanine. In contrast, other amino acids such as aspartate, lysine, glycine and asparagine did not show any stimulatory effect.
Synthesis ofglutathione by a mutant lacking NADP-GDH. To determine whether or not the stimulatory action of NH4Cl was due to the ability of the cell to produce glutamate, the leaky mutant gdhAI was analysed. This mutant strain grew slowly in DM with NH4C1 as sole nitrogen source (Fig. 5a ), but no glutathione was produced during the entire fermentation. Addition of glutamate to the culture medium increased growth and allowed glutathione formation. The stimulatory effect, on growth and glutathione formation was also observed with alanine or glutamine (Fig. 5 6 ). Other amino acids tested, including glycine, aspartate and asparagine did not allow glutathione formation (data not shown).
Resting cell systems of the mutant incubated with glutamate or glutamine did not produce glutathione when prepared from cells previously grown in NH,C1 (Table 1) . However, when the resting cell system was prepared from cells previously grown with glutamate, glutathione formation was observed in the presence of glutamate or glutamine.
Eflect of glutamate on y-GCS formation. In order to investigate a possible regulatory role for glutamate in glutathione formation, the effect of glutamate on y-GCS synthesis was --12 investigated. When a resting cell system from the wild-type strain was incubated with 10 mM-NH4C1, specific y-GCS activity was 0.25pkat (g protein)-'; in the presence of 1 0 m~-glutamate, this increased 5-fold to 1-24 pkat (g protein)-'.
DISCUSSION
The results obtained in the present work show the pattern of glutathione biosynthesis during the growth of the filamentous fungus P . chrysogenum in a chemically defined medium with ammonium as the sole nitrogen source. High ammonium concentrations stimulated the formation of glutathione and increased the pools of glutamate, alanine and glutamine. These amino acids also stimulated glutathione biosynthesis. Since glutamate may be synthesized from alanine and glutamine by alanine : pyruvate aminotransferase and glutamate synthase respectively, their stimulatory action can be explained on the basis of their ability to yield glutamate, one of the constituents of glutathione and, significantly, the precursor of cysteine and glycine -the other amino acids required to complete the tripeptide structure. Experimental evidence supporting this hypothesis was obtained with the use of an NADP-GDH mutant (gdhAI), which is unable to produce glutathione from NH4C1 as the nitrogen source unless supplemented with glutamate. Similarly, alanine and glutamine stimulated the growth of this mutant and supported glutathione formation.
Stimulatory effects by ammonium have been reported for only a few metabolites, but these include the synthesis of some amino acids (Nakanishi, 1975) , antibiotics (Inoue et al., 1983) and peptide alkaloids (Arcamone et al., 1970) . A common feature of these reports, is the precursor role that glutamate and glutamine play in the biosynthesis of these metabolites.
Evidence indicating that glutamate has not only a precursor role in glutathione biosynthesis but also an inductive action on tripeptide formation was obtained from resting cell systems of the NADP-GDH mutant. Cells of the mutant prepared from cultures previously grown with ammonium did not produce glutathione when incubated with glutamate or glutamine, in contrast to cells previously grown with glutamate. Further evidence supporting the inductive action of glutamate on glutathione formation was obtained with the wild-type strain of P . chrysogenum. In this strain, glutamate stimulated the synthesis of y-GCS, the first enzyme of glutathione biosynthesis.
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